Co-evolutionary theory assumes co-adapted characteristics are a positive response to counter those of another species, whereby co-evolved species reach an evolutionarily stable interaction through bilateral adaptation. asymmetric co-evolution, inter-specific cooperation, meta-population, mutualism
Co-evolution, which was once previously assumed to be a rare form of evolution, is now recognized as a common existence within ecosystems, with either strong or weak interactions between species [1, 2] . By definition, coevolution requires that two species adapt to evolutionary changes occurring in each other [1] [2] [3] . An example of reciprocal adaptation is the development of mutualistic relationships between plants and pollinating insects. As a plant develops a specialized structure and/or organ to provide a pollinator with food or a living habitat, as in many obligate mutualistic systems, the pollinating species develops a pollen carrier mechanism to disperse pollen, which could evolve as a species-specific interaction [46] . In antagonistic interactions between species, for example, between plants and herbivores, both species co-evolve strategies enabling coexistence with one another-a plant may develop chemical defenses to reduce herbivory, but a herbivore may develop "counter weapons" that enable continued consumption of the plant [7] . In these well-accepted perceptions of the concept of co-evolution, co-evolved species are assumed to interact symmetrically, where the coevolved species have equally developed the biological characteristics in the same evolutionary pathway to adapt to each others' strategies [8, 9] . Coevolved species will evolve to be in a state of equilibrium under such a symmetric interaction. Where there is a positive adaptation between two species, these will attain an evolutionarily stable strategy (ESS) through a "contract" [10, 11] . The evolutionary characteristics of the co-evolved species could increase their fitness, which therefore should be the predominant strategy of the interacting species [12] .
The evolutionarily stable interactions of co-evolved species are based on the assumption that species are symmetrically co-evolved. This may hold for many species interactions, but recent advances in knowledge of obligate mutualisms (e.g., fig-fig wasp, legume-rhizobium and yucca-yucca moth systems) imply that the co-evolved species are asymmetrically interacted [13] [14] [15] [16] . In asymmetric interactions, the sanctioning of parasites by hosts that reward cooperative species will enforce the evolution of less virulent parasites, or perhaps enforce parasites to become more cooperative towards the host plant. In the fig-fig wasp system , parasites include non-pollinator wasps and the cheating individuals of pollinator wasps, by definition [17] . However, in asymmetric interactions, symbionts tend to diversify their strategies, which may be cooperative (e.g., the cost of carrying pollen for a host-derived reward) or may involve cheating/parasitizing the host plant (e.g., no cost of carrying pollen but this may result in being sanctioned by the host) [14, 18, 19] . Symbionts might also diversify into different cryptic species or even distinct species because of intra-or inter-specific competition, or undergo niche separation [14, 15, 18] .
In such asymmetrically co-evolved interactions, where symbionts have diversified their genotype, phenotype and/or behavioral strategies to increase their fitness, the host plant may also diversify its strategies (e.g., different sanction strategies) to facilitate the evolution of cooperation. This has been empirically observed in a fig-fig wasp system [14] and implied in other mutualistic systems [13, 15, 20] . In such asymmetric interactions, because both interacted species use mixed strategies of either cooperating or competing with each other, sanctioning by the host plant is predicted to lead to localized population declines or extinctions of the symbiont, thereby creating meta-populations. Populations of interacting species might temporally or evolutionarily oscillate chaotically, with population oscillation swings dependent on the plant's sanctioning intensity and competition intensity amongst the different genotypes or phenotypes within or between species. Here, we discuss a fig-fig wasp  system to illustrate how asymmetric interactions between species may lead to the creation of a meta-population effect.
Biology of fig-fig wasp systems
In the obligate mutualism between figs and their pollinator wasps, the wasps carry pollen from mature syconia (enclosed inflorescences) to receptive syconia, and figs provide pollinators with access to some of their female flowers to oviposit. The larvae of pollinator wasps develop into adults in galled female flowers. Adult female wasps that develop in the syconia then disperse the fig's pollen. Both pollen dispersion (from mature syconia) and pollen availability (to receptive syconia) are dependent on the species-specific pollinator wasps [21, 22] . Recent experimental results demonstrated that both pollinator and non-pollinator wasps can successfully deposit their eggs and develop to adulthood in the ovules of (fig) female flowers without pollination occurring [23] . However, figs have the ability to sanction pollen-free wasps through the abortion of syconia or by discriminatively decreasing the offspring development ratio of wasps [14, 24, 25] .
Figs may inadvertently support cheating individuals of pollinator wasps or non-pollinator wasps that are either parasitoids of fig wasps or resource competitors (i.e., gall makers or inquilines) [26, 27] . Gall makers that do not carry pollen to receptive syconia are non-pollinator wasps and cheating individuals of pollinator wasps [14, 27] . , is the pollinator of F. racemosa. The species Apocryptophagus testacea and A. mayri are gall makers and compete with pollinator wasps for the common resource, i.e., the female flowers [27, 35] . Apocrypta sp. and A. westwoodi are parasitoids of the gall makers A. testacea and A. mayri, respectively. Apocryptophagus agraensis is a parasitoid of pollinator wasps (for more details see [27, 36] ).
Niche separation among fig wasps
Niche partitioning, or spatial heterogeneity amongst mutualists and exploiters, has long been known to promote species coexistence [37] [38] [39] . However, niche utilization by exploiters has been observed to overlap with that of mutualists [14, 17, 27] . Niche overlap enables the possibility for one species to exclude another in the process of evolution, if either species has a fitness advantage over the other. Niche partitioning therefore does not sufficiently explain the coexistence between reciprocal mutualists, exploiters, and the stability of the system.
In F. racemosa, the gall-maker wasps utilize the same resource (i.e., female flowers) and temporally separate the peak of their oviposition sequence from one another. However, the oviposition periods of these species overlap and they appear to utilize the common resource at the expense of the other [14, 27] . Non-pollinator gall makers are able to decrease pollinator populations, thus leading to localized extinctions in the wild [14, 29, 40] . Although niche separa-tion between the gall maker species of F. racemosa exists, the temporal segregation in the oviposition period cannot solely maintain the stability of the coexistence of these species [14, 27] .
Asymmetric species interactions in fig-fig wasp communities
Similar to other mutualistic systems, fig plants should sanction parasitic species and cheating individuals of pollinator wasps, and reward cooperating individuals. Selective abortion, which commonly occurs in yucca-yucca moth mutualisms [13, 41, 42] and legume-rhizobium mutualisms [15, 43] , also exists in fig-fig wasp mutualisms [14, 23, 24, 44] . However, experimental evidence demonstrates that the selective abortion of syconia in F. racemosa only occurs when syconia are oviposited by the parasitic wasp A. testacea, which oviposits before pollinator wasps, and are thus not sufficiently pollinated by pollinator wasps [14, 44] . Selective abortion is likely to save resources and energetic expenditure on development of syconia that are not adequately pollinated, and will consequently kill offspring of parasitic wasps within these unpollinated syconia [14, 44] .
However, when syconia are oviposited by parasitic wasps either after they have been oviposited by pollinator wasps or by the cheating individuals of pollinator wasps, selective abortion does not occur [14, 44, 45] . The abortion of such syconia would result in the death of the pollinator wasp offspring and thus reduce the chance of pollen dispersal. In such circumstances, F. racemosa may use another sanctioning strategy-to discriminatively decrease the adult wasp development ratio-which occurs when the syconia are too heavily oviposited [14, 44] . This sanctioning activity may be due types (or may have specialized and diverged into distinct wasp species) and phenotypes/behavior (by separation of oviposition peaks) in response to intra-and/or inter-specific competition among wasps, and in order to escape sanctioning or enforcement by the host fig. As a counter-response, host figs may be able to diversify their strategies in order to facilitate the evolution of less harmful and/or more cooperative wasps (e.g., through wasps dispersing more pollen and/or less parasitization). Figs can implement different strategies to sanction parasitic wasps depending on the different fig wasp strategies [14, 44] . Diffusive strategies between the co-evolved species reveal that the evolution of cooperative wasps may be an enforced process due to the limited dispersal ability of symbionts and asymmetric interactions between symbiont and host, rather than positive evolution for the reciprocal exchange stemming from the idea of contract theory (Figure 1) .
Among fig wasp species, non-pollinators have a fitness advantage over pollinating wasps as they do not pay the cooperative cost (i.e., carrying pollen and pollen dispersal), and might therefore be able to exclude pollinators from the system [14, 28, 40] . The non-pollinator gall-maker wasps can directly reduce pollinator wasp populations or cause localized extinctions, because of resource competition and fitness advantages over pollinator wasps [14, 44] .
Asymmetric interactions and the metapopulation
The sanctioning imposed by figs, either through the selective abortion of syconia or discriminative repression of offspring development of parasitic wasps (or exploiters), is proposed to lead to population decreases and/or localized extinctions of parasitic species and cheating individuals of pollinator wasps within specific syconia, trees or habitats. Cooperative pollinator wasps would be predicted to subsequently increase in numbers through immigrating individuals, which should be encouraged by the high reward offered by fig plants, resulting in high offspring developmental fig-fig wasp system. rates. After a population of pollinator wasps becomes established, the migration of non-pollinator wasps or the offspring of cheating individuals of pollinator wasps will have a fitness advantage-as fig syconia will be sufficiently pollinated by cooperative pollinator wasps. Over time, the population of non-pollinator wasps and cheating individuals of pollinator wasps will increase, resulting once again in population declines or localized extinctions of pollinator wasps. The over-abundance of parasitic wasps that leads to the declines in pollinator wasp populations will subsequently result in inadequate fig pollination. The fig should  then implement discriminative sanctioning against parasitic wasps, once again leading to population decreases or localized extinctions of parasitic wasps. Meta-populations are thus predicted to be created through such asymmetric interactions (Figure 2 ).
In such asymmetric interactions, each species' population is predicted to chaotically oscillate either temporally or evolutionarily (Figures 1 and 2 ). The population of each fig wasp species should oscillate with population establishment cycles after population declines that result from sanctioning by host fig plants or from competition exclusion between wasp species. Host fig population numbers and/or seed production may also oscillate in response to oscillations of pollinating wasp populations. Both the host plant and associated wasps populations might also oscillate evolutionarily. Over their evolutionary histories, climatic and/or geographic (spatially heterogeneous variation) shifts may be expected to favor population increases in either the nonpollinator wasps or pollinator wasp populations, followed by the establishment of some species potentially leading to the extinction of others across spatial and/or temporal scales, possibly similar to that which occurs in the yucca-yucca moth system [18, 46] .
It has been experimentally demonstrated that the local extinction frequency of pollinator wasps differs greatly among habitat sites occupied by F. racemosa. In primary forest, the proportion of syconia that contained no or low numbers of pollinator wasps was much lower than that in fragmented forests [14, 29] (Figure 3) . In fragmented forest, more than 30% of syconia contained no pollinator wasps but sufficient pollination was observed in the dry season [29] . This finding indicates that the frequency of local extinction of pollinator wasps was due to high competition with non-pollinator wasps in fragmented forests relative to primary forests. Comparisons between primary forest, fragmented forest and locally fragmented forest habitats demonstrates that the average pollinator wasp proportion was much higher in the wasp community in primary forests compared with fragmented forests [29, 40] . Forest fragmentation appears to favor population increases of nonpollinator wasps, which may in part be attributed to decreased predation by ants (as a result of decreased population numbers) and which in turn imposes a much higher negative impact on non-pollinator than pollinator wasps [35, 40] , and may therefore competitively exclude pollinator wasps from fragmented forests. The population of pollinator wasps in primary forest would be expected to be much more stable than in the fragmented forests. Pollinator wasps in fragmented forest may experience localized extinctions more frequently, with re-establishment expected to be facilitated through immigration ( Figure 3 ).
Conclusion
Spatial heterogeneity plays an important role in meta-population creation [47, 48] . Among habitat sites with spatial heterogeneity, species distributions may differ in density and biodiversity. Spatial heterogeneity is created by physical differences, such as climatic or geographic features, and individuals within a species and/or different species might migrate from their habitats to other colonies. Such physical differences leading to the oscillation of species interactions have been well documented within coevolutionary systems [49, 50] . Research into fig-fig wasp  systems demonstrates, however, that asymmetric species interactions might also create a meta-population, which is in contrast to the meta-population creation dynamic of spatial heterogeneity.
In fig-fig wasp systems , the species interactions are very specific; in most cases, each wasp species pollinates only one fig species, and each gall maker or parasitic species only parasitizes one fig or wasp species. Within these species communities, one species usually has obvious fitness advantages over another, such as a gall maker among non-pollinator wasps being more competitive than pollinator wasps [28, 29, 51] . However, the fig plant can alter the behavior of pollinators and gall makers to be less parasitic and/or more cooperative by sanctioning parasitic individuals and rewarding pollinating individuals [14] . In such a closely interactive relationship, the sanctioning of one species against another species, or fitness advantages of one over another, will more easily lead to the population decline or localized extinction of another species [16, 52, 53] . The sanctioning of one species against another within asymmetric interactions between species with such closer interactions might be much stronger than that between less closely interactive species (Wang et al., unpublished data) . In less closely interactive species communities, the population fluctuations of interacting species might be smaller than those in species communities showing more highly asymmetric interactions. The effects of the meta-population might be less significant in these less closely interactive species communities.
In a community with asymmetric species interactions, the limited dispersal ability of individuals within a species and/or spatial correlations between species may play important roles in meta-population creation [52, 53] . The greater the degree of difficulty for the dispersal of community individuals, the greater the probability becomes for population declines or local extinctions under asymmetric interactions [14, 25] . In a species community, if individuals of interacting species suffer dispersal limitations, the sanctioning of or higher competition of one species over another will more likely result in population declines or localized extinctions of the "weaker" species [14, 16, 54, 55] . Alternatively, weaker species may disperse to other colonies in order to escape sanctioning by the host fig or intense competition presented by the "stronger" species. In a community with less severe dispersal limitations, the population of each species would be predicted to be more evenly distributed among the different habitat patches.
